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Recent articles have suggested that the quasi-two dimensional antiferromagnet MnPS3 may have
non-reciprocal magnons, whereby magnons in a Brillouin zone corner at +q have different energies
than those at −q. The magnons along the Brillouin zone boundaries were measured using neutron
three-axis spectrometry, paying careful attention to the resolution function, to determine whether
such non-reciprocity was present. The data show that, within the resolution, there are no significant
differences between the magnons in opposite Brillouin zone corners.
MnPS3 belongs to a family of layered van der Waals
compounds that have attracted considerable attention
[1–4]. The van der Waals nature of the compounds gives
them physicochemical properties that have been studied
as possible candidates for optical sensors and battery ma-
terials, and even cancer treatments [5]. More recently,
the ability to delaminate the compounds has been ex-
plored which has attracted the attention of the graphene
community [6], especially as a number of members of the
family are intrinsically magnetic.
MnPS3 is one of the magnetic family members. It has a
C 2/m space group, with the S = 5/2 Mn2+ ions forming
a honeycomb lattice in the ab planes [7]. The compound
orders antiferromagnetically below its Ne´el temperature
of ∼ 78 K, [8, 9] adopting a k = 0 collinear structure
where each ion is antiferromagnetically coupled to its
three nearest-neighbours [10]. The moments are almost
normal to the ab planes, tilted by ∼ 8◦ towards the a axis
[11]. Its paramagnetic susceptibility is isotropic, showing
that the compound has a Heisenberg-like Hamiltonian.
The possibilities to use magnetic layered compounds in
graphene technology requires the understanding of their
spin dynamics. A number of theoretical studies have
considered the spin dynamics in a collinear antiferro-
magnet on a honeycomb lattice. The Mermin-Wagner
theorem states that an isotropic Heisenberg Hamiltonian
will not give rise long-ranged magnetic order in two di-
mensions [12], and extra terms need to be added to the
Hamiltonian to stabilise any ordered magnetic structure.
Added terms have included dipole-dipole anisotropy [13],
a Dzyaloshinskii-Moriya interaction [14], and a bond-
specific anisotropic exchange [15].
These three theories predict non-reciprocal magnons,
where magnons at reduced scattering vectors of ±q have
different energies. The differences are greatest at the
Brillouin zone boundaries. Figure 1(a) shows a recip-
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rocal lattice plane for the honeycomb lattice with the
Brillouin zone boundaries indicated. The theories for the
dipole-dipole anisotropy and bond-specific exchange pre-
dict that the non-reciprocity takes the form of a split-
ting in the two-fold degeneracy of the antiferromagnetic
magnons, and that the splitting is different at reduced
scattering vectors of ±q. The splitting is greatest at
the corners labelled J and is zero at those labelled N .
The mean energies for the magnons, however, is the
same at both points. The theory for the Dzyaloshinskii-
Moriya interaction, however, predicts that the magnons
stay degenerate, but the dispersion becomes asymmmet-
ric about the Γ point with the magnons at J having dif-
ferent energies to those at N . The last theory has par-
ticular interest for graphene technology as it may lead
to a spin Nernst effect, where magnons with a selected
chirality could be excited and driven using a temperature
gradient [14]. It is worth searching for physical represen-
tations of such a system to test the theory, and MnPS3
was specifically presented as a candidate that may have
non-reciprocal magnons [13–15].
Neutron three-axis spectrometry has been previously
used to study the spin dynamics of bulk MnPS3 [16]. Al-
though the k = 0 antiferromagnetic structure gives rise
to two magnon modes, only one could be detected within
the instrumental resolution. The dispersion surface had
an energy gap of 0.5 meV at the Brillouin zone centre and
rose to ∼ 11.5 meV at the Brillouin zone boundary. The
surface was fitted using a Heisenberg Hamiltonian with
an easy-axis term for the anisotropy. Satisfactory fits re-
quired the inclusion of three in-plane nearest-neighbours.
The interplanar exchange was ≈ 1/400 the magnitude of
the first nearest-neighbour exchange, showing that bulk
MnPS3 is a good approximation of a two-dimensional
magnet.
The anisotropy was small, being ≈ 1.1% the magnitude
of the first nearest-neighbour exchange, and its origin is
somewhat ambiguous. At least two effects are believed
to contribute:
A significant contribution appears to arise from dipole-
200l 20l
02l
N
J
J N
J N
P
N
8 9 10 11 12 13 14 15
Energy (meV)
0
50
100
150
200
250
300
350
Co
un
ts 
in
 1
85
00
0 
m
on
ito
r
±1.333 0 0
±1 0 0
(b)
(a)
FIG. 1. (a) Schematic showing a plane in reciprocal space for
the magnetic structure of MnPS3. A Brillouin zone centre is
marked as Γ, and high-symmetry points on the Brillouin zone
boundary are marked with J , N and P . The sample was
mounted in the h0l plane for the experiments, which is or-
thogonal to the plane shown here. The experiments focused
on the scattering along the h00 and h01 directions, shown
by the dashed red line. (b). Data measured at ± 4
3
00, cor-
responding to J and N corners of the Brillouin zone, and
±100, corresponding to P points. The measurement time for
each data point was ∼ 330 seconds. The +Q and −Q data
points are shown in black and red respectively. The data at
±100 have been shifted vertically by 100 for clarity. Fits of
Gaussians, including a flat background, to the data are also
shown.
dipole anisotropy, which would lead to a splitting in the
degeneracy of the two magnon modes that is greatest at
the J points and is zero at the N points [13]. The theory
for a bond-specific anisotropic exchange leads to the same
effect [15]. Such a splitting was confirmed using neutron
spin-echo spectroscopy [17]. The splitting at J was 64
µeV, which is very small and well within the resolution
of the three-axis spectrometer measurements. The mea-
sured splitting and the spin wave gap were significantly
smaller than expected from calculations if dipole-dipole
interactions were the sole source of the anisotropy, which
would furthermore lead to the moments pointing normal
to the ab planes [18] rather than being tilted towards the
a axis [11].
A single-ion anisotropy is also believed to be present,
based on electron spin-resonance experiments on dilute
Mn in CdPS3 [8]. The anisotropy was determined to lie
in the ab planes, which is consistent with the tilting of
the moments and would help to explain the observation
that the critical properties of the magnetism in MnPS3
map onto an XY-like Hamiltonian [19]. The presence of a
single-ion anisotropy is somewhat unexpected given that
a free Mn2+ ion has no orbital angular momentum and
its source is not known.
The neutron data to date would suggest that, aside
from the very small splitting most likely due to dipole-
dipole anisotropy, the magnons in MnPS3 are symmetric
either side of the Brillouin zone centre. However, the
measurements did not explicitly test for this. This article
therefore presents a dedicated search for non-reciprocal
magnons using neutron three-axis spectrometry, paying
special attention to the instrumental resolution.
Neutron three-axis spectrometry on MnPS3 was car-
ried out using the IN8 spectrometer at the Institut Laue-
Langevin, France [20]. The instrument was configured
with a pyrolytic graphite (PG) 002 monochromator and
analyser, which were horizontally flat and vertically fo-
cused on the sample. The horizontal divergences were
limited using 40′ collimators before and after both the
monochromator and the analyser. The final wavenumber
was fixed at kf = 2.662A˚
−1, and higher order wavelength
contamination was suppressed using a PG filter between
sample and analyser. The same MnPS3 crystal used in
previous neutron studies [11, 16, 17, 19] was aligned such
that (h0l) was the scattering plane, and the sample was
cooled to 1.8 K using a liquid helium cryostat.
The experiments consisted of energy scans at constant
Q, focusing on the magnetic scattering along the h00
and h01 directions. As indicated by the red dashed line
in figure 1(a), this trajectory includes a Brillouin zone
boundary with access to the J , P and N points. The
figure also shows that a J point at scattering vector +Q
is matched by an N point at −Q. The instrumental res-
olution is a function of the magnitude of the scattering
vector, Q, and the energy transfer, ~ω. Corresponding J
and N points were measured by rotating the sample by
180◦ about the normal to the scattering plane, thus allow-
ing a direct relative comparison and minimising potential
systematic errors associated with a different resolution.
Similar measurements were performed at the P points.
Figure 1(b) shows data measured at± 4
3
00, correspond-
ing to J and N points, and ±100, corresponding to P
points. The data show clear peaks from magnons that
are approximately dispersionless with energy ~ω ≈ 11.5
meV, consistent with the previous measurements that
showed spin waves with the same energy and with very
little dispersion between 0.5 ≤ h ≤ 1.5 [16]. The peaks
disappeared in measurements above the Ne´el tempera-
ture, verifying their magnetic origin. The data were fit-
ted with Gaussians to give the peak centres and full-
width half-maxima (FWHM), and the fits are shown in
the figure. Similar measurements were performed at cor-
responding points for l = 1, and the fit results are sum-
marised in table I.
An initial inspection of the peak centres at |h| = 4
3
shows a systematic difference of 0.09 meV between ±Q.
3Centres (A˚−1) FWHM (A˚−1)
|h| |l| −Q Q −Q Q
1.333 0 11.55(1) 11.46(1) 1.09(3) 1.06(3)
1.333 1 11.62(2) 11.43(2) 1.05(6) 1.09(5)
1 0 11.49(1) 11.40(1) 1.32(4) 1.28(3)
1 1 11.43(4) 11.32(3) 1.26(9) 1.24(7)
TABLE I. Results from fitting Gaussians to the neutron scat-
tering data at different points on the Brillouin zone boundary.
The calculated energy resolution for a dispersionless mode at
11.5 mV is 0.9145 meV.
However, this must be tempered by the observation of a
similar difference between the centres at |h| = 1. The
theories all show that the mean energies for the magnons
at the P positions should be equivalent [13–15]. Thus the
small energy differences, which are < 9% of the FWHM,
are likely to be an experimental artefact, possibly due to
the centre of mass of the sample being slightly off the
central axis of rotation for the spectrometer. It must
therefore be concluded that the measurements show no
significant difference between the energies of the magnons
at the J and N points.
The possibility that the data at ± 4
3
00 in figure 1(b)
contain, in fact, multiple peaks that are not resolvable
within the instrument resolution must be considered.
The presence of crystallographic and antiferromagnetic
domains may cause the scattering at these positions to
consist of the magnons at both J and N points, and
thus the experimental data would be a superposition of
three peaks for the dipole-dipole and bond-specific theo-
ries, and two peaks for the Dzyaloshinskii-Moriya theory.
The crystal structure of MnPS3 is monoclinic, but it is
very close to being orthohexagonal [7] and, being layered,
it is prone to stacking faults and twinning. The twins
have a distinct relationship, corresponding to a rotation
by 120◦ about the c⋆ axis [21]. This rotation in itself
would not map J points onto N points, however such a
mapping may occur when combined with stacking faults
[22]. The antiferromagnetic domains are equivalent to
a rotation of the honeycomb lattice by 180◦ about the
normal to the plane which explicitly maps the J points
onto the N points. The antiferromagnetic domain popu-
lation will depend on the way that the sample is cooled.
It is possible to drive MnPS3 into a monodomain state
by cooling the sample in crossed electric and magnetic
fields [11], but this was not done during the experiment.
It is noteworthy that the same sample was shown to be
essentially single-domain in the neutron spin-echo exper-
iment [17]. The possible influence of domains can be
tested comparing the fitted FWHM in table I with the
expected instrumental resolution.
Consequently, careful attention was paid to the res-
olution function for the instrument. An experimental
estimate for the Q-resolution was determined by map-
ping reciprocal space around the 200 Bragg peak at 1.8
K. This peak arises from purely nuclear scattering as the
magnetic structure factor is zero at this position. An es-
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FIG. 2. Measured and simulated resolution at the 200 posi-
tion (a) Reciprocal space map of the 200 Bragg peak in the
(h0l) plane. (b) Comparison of the FWHM contour for the
measured Bragg peak (black) with the calculated resolution
(red). (c) Measured width of the 200 Bragg peak normal to
the (h0l) plane, i.e. along 0k0. The fit to the data (black line)
and the calculated width (red line) are also shown. (d) Mea-
sured energy width of the incoherent scattering at an equiva-
lent Q to the 200 Bragg peak. The fit to the data (black line)
and the calculated width (red line) are also shown.
timate for the energy resolution for elastic scattering was
determined at a position where only incoherent scatter-
ing is expected, corresponding to a rotation from the 200
peak by 15◦ about the normal to the scattering plane.
The resolution was then calculated using the Popovici
method [23] in the Rescal5 library for Matlab® [24].
The data are shown in figure 2, along with the esti-
mates from the calculation, with Q given in reciprocal
A˚ngstro¨ms. Figure 2(a) shows a reciprocal space map of
the 200 Bragg peak in the (h0l) plane, with Qx and Qy
being parallel and perpendicular to Q respectively. The
data show that the crystal is not perfect, with the mo-
saic spread giving rise to a ridge of intensity along Qy.
Figure 2(b) shows the FWHM contour for the measured
peak along with the FWHM for the calculated resolu-
tion. The instrument and measurement parameters for
the calculated resolution were all correct and unadjusted
for IN8, and the calculation used a mosaic spread of 90′
for the sample. The comparison is satisfactory in Qy
but is slightly too small along Qx. The disagreement
is not expected to be important at the Brillouin zone
boundaries where the magnons have very little disper-
sion. Figure 2(c) shows the width of the 200 peak along
Qz, measured by tilting the sample about the y-axis. The
peak was fitted with a Gaussian, shown as a black line,
which agrees well with the calculated profile, shown as a
red line.
The incoherent energy width, shown in figure 2, is of
primary importance. The measurement here is analo-
gous to a constant Q scan on a dispersionless mode at
zero energy transfer, while the data in figure 1(b) come
4from similar scans of a dispersionless mode at ∼ 11.5
meV. The data were fitted with a Gaussian, shown as
the black line, while the red line shows the results of the
calculation. The FWHM were 0.79 (4) and 0.62 for the
fitted and calculated peaks respectively, thus the calcu-
lation slightly underestimates the width.
A similar calculation at ~ω = 11.5 meV gives a FWHM
of 0.9145 meV, with the widths being very slightly Q-
dependent in the fourth decimal place. This may be
compared to the fitted FWHM in table I, showing that
the values at
∣
∣ 4
3
0l
∣
∣ are larger than the calculation by the
same magnitude as those at zero energy transfer. If the
difference between fit and calculation is assumed to be
systematic, the FWHM of the peaks at the J and N
Brillouin zone corners are resolution-limited. It is worth
restating that the splitting observed in the neutron spin-
echo spectroscopy measurements was 64 µeV [17], which
so small as to give a resolution-limited single peak in the
three-axis experiment.
Interestingly, a bigger difference is seen at the P posi-
tion. The magnons at the six P positions are all expected
to have the same energy in the Dzyaloshinskii-Moriya
theory and so the widths should be resolution-limited
[14]. The dipole-dipole and bond-specific models predict
a splitting of the magnon degeneracy at these positions,
but it is much smaller than that predicted at the J points
[13, 15]. Furthermore, the spin-echo measurements at
this position showed a splitting of 39.4 µeV [17], much
smaller than the IN8 instrument resolution. The differ-
ence may be due to a small amount of suprious scattering
on the low-energy side of the peak. Measurements along
the h01 direction are shown in figure 3(a). The data were
fitted with Gaussians on a flat background and the fitted
centres and FWHM shown in figure 3(b) and (c) respec-
tively. Some spurious scattering is clearly visible in the
lower energies of the data at h = 2
3
and 5
6
, causing the
fitted centres of these peaks to be smaller and the widths
to be broader than the neighbours. Fitting the data with
a better estimation of the instrument background, sup-
ported by the measurement of spin waves at equivalent
points in other Brillouin zones [16], show that the actual
spin wave energies along this trajectory are practically
dispersionless. The peak at 101 may also be very slightly
impacted, explaining the slightly broader scattering at
this point.
Experimental evidence for a magnon Nerst effect in
MnPS3 has been published in the form of thermoelectric
measurements of bulk crystals with deposited platinum
electrodes [25]. The evidence was most clearly seen in the
temperature-dependence of the thermoelectric coefficient
of one of the two electrodes on a sample measured in the
absence of a magnetic field. The coefficient changed sign
at ≈ 25 K, which would correspond to a Dzyaloshinskii-
Moriya parameter of ≈ 0.3 meV. The spin-wave ener-
gies described here would suggest that, if present, the
Dzyaloshinskii-Moriya parameter must be substantially
less than 0.01 meV [14]. Assuming that the experimental
data from the thermoelectric measurements are represen-
FIG. 3. (a) Measured data along the Brillouin zone bound-
ary along the h01 direction, corresponding to the trajectory
shown by the red dashed line in fig. 1(a). Data at increasing
h are shifted vertically by 100 for clarity. Fits of Gaussians,
including a flat background, to the data are also shown. (b)
The fitted centres of the Gaussians as a function of h. The
high-symmetry points along the zone boundary are indicated.
(c) The full-width half-maxima of the fitted Gaussians as a
function of h. The calculated resolution width for a disper-
sionless mode at 11.5 meV is shown as the dashed line.
tative of MnPS3, the observed Nernst effect must depend
upon other processes such as magnon-phonon coupling.
In conclusion, neutron three-axis spectroscopy was
used to search for non-reciprocal magnons in the Bril-
louin zone corners of MnPS3. The data show no con-
vincing evidence for non-reciprocal magnons within the
energy resolution of ∼ 0.9 meV.
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